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DNA ligation is the last step in a
multitude of important DNA
metabolic reactions [1]. DNA nicks
introduced during replication,
recombination and repair need to
be sealed — if left unchecked,
they would lead to cell death. So
even before its discovery, a DNA
ligase activity was proposed to
exist. The discovery of ligase and
the elegant biochemical studies of
the ligase reaction by the Lehman
group and others revealed the
amazing series of chemical steps
needed to seal a nick in DNA
(reviewed in [2]). The beauty of
ligase and its clever enzymatic
strategy is highlighted by the
recently reported crystal structure
of human DNA ligase I (Lig1)
bound to a nicked DNA
substrate [3].
Sealing a nick in DNA might
appear a simple task, but the
reaction is exceedingly complex,
requiring three distinct catalytic
steps and two covalent
intermediates (Figure 1A). The first
step, enzyme adenylation, is
accomplished using either NAD+
(in eubacteria) or ATP, but both
result in an AMP-linkage to the
enzyme. In the second step, the
AMP moiety is transferred to the 5′
phosphate at the site of a nick.
This activates the 5′ terminus for
attack by the 3′ OH in the third
and final phosphoryl transfer step,
thereby sealing the nick.
Earlier ligase structures [4–7]
were tremendously informative
about the first step of the reaction
and the AMP–ligase intermediate,
and even suggested important
features of the subsequent steps.
The structure of Lig1 in a complex
with nicked DNA [3] has now been
determined, providing a three-
dimensional snapshot of the
moment before DNA ligation and
giving conclusive insight into
ligase fidelity and the final steps of
the reaction. To form this stable
reaction intermediate, Pascal et al.
[3] used a synthetic nicked duplex
terminated with a 3′
dideoxynucleotide, thereby
removing the critical 3′ OH group
necessary to form the
phosphodiester bond. When Lig1
is reacted with this substrate in
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DNA Ligase: Getting a Grip to Seal
the Deal
The crystal structure of human DNA ligase I catches the enzyme just
before the last step of ligation and shows that the protein wraps
completely around nicked DNA. The elegant structure explains how
ligase attains fidelity for the sealing operation.
Figure 1. Comparison of prokaryotic and eukaryotic DNA ligase. 
(A) Mechanism of DNA ligase. Note: bacterial cellular ligases use NAD+ and other
ligases use ATP for self-adenylation. (B) DNA ligases have functionally similar
domains, but they are scrambled in their linear sequence (top). Nevertheless, human
Lig1 (left, in complex with DNA) and Thermus filiformis (Tfi) ligase (right) both adopt a
ring-shaped structure (bottom). The gray interaction domain (Int.) of Lig1 was
removed for crystal structure analysis. The helix-hairpin-helix (HhH) domain of
T. filiformis ligase is analogous to the Lig1 DBD, but must undergo a large rotation
with the OBD relative to the AdD for T. filiformis ligase to similarly accommodate DNA.
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the presence of ATP, the enzyme-
and DNA-adenylation steps occur,
but the ligase is frozen on DNA at
the last step.
The ‘frozen’ Lig1–DNA complex
is a striking structure of a protein
ring with DNA threaded through
the middle. All three domains of
Lig1 make intimate contacts with
the nicked DNA duplex. The most
extensive interactions are made
by the flat surface of the DNA
binding domain (DBD), mediated
through twelve α helices. These
protein–DNA contacts occur
mainly in the minor groove.
Interestingly, the DBD binds DNA
evenly on both sides of the nick,
and this arrangement coincides
with an approximate two-fold axis
of structural symmetry within the
DBD (Figure 2A). This architecture
provides a ‘platform’ for binding
the nicked DNA and for catalysis
of the last step to seal the nick.
The DBD platform, the adenylation
domain (AdD) and the OB-fold
domain (OBD), together
completely encircle the DNA.
Many viral and phage ligases
are composed of only two
domains, AdD and OBD, and are
not expected to encircle DNA
completely [4,6]. A second
cellular ligase structure, from
Thermus filiformis, also shows a
third main domain, like the Lig1
structure (Figure 1B). Pascal et al.
[3] note that the helix-loop-helix
DNA binding domain of the T.
filiformis ligase is structurally
similar to Lig1 DBD, with a two-
fold symmetry axis. The
prokaryotic ligase is not in a
conformation that can readily
accept DNA; the structural
similarity, however, suggests a
permutation of sequence
modules in which functionally
homologous domains of these
two cellular ligases are stitched
together in different ways,
providing support for the earlier
proposal that bacterial ligase
encircles DNA [7].
The OBD appears to aid
substrate selection. Downstream
of the nick, the OBD interacts
with B-form DNA, which may
explain why Lig1 does not seal
Okazaki fragments before the
RNA primer is removed. But, in a
seeming paradox, upstream DNA
bound to the OBD is A-form,
making an induced-fit (Figure 2A).
Additionally, the OBD distorts the
DNA, leading to an underwound
helix and a 5 Å shift in the helical
axis between upstream and
downstream segments. These
distortions bring the nick close to
the active site and underlie
multiple aspects of ligase fidelity.
Ligases do not bind tightly to
DNA containing a mismatch
upstream of the nick [8], nor to
DNA with a gap of even one
nucleotide [9].
The Lig1–DNA structure implies
that a dramatic conformational
change between the OBD and
AdD is necessary to proceed from
enzyme–AMP to DNA-bound
ligase. Large and dynamic rigid
body motions between these two
domains have been proposed for
many ligases, based on the
distant locations of the enzyme-
and DNA-adenylation catalytic
residues in the OBD [4–7]. These
two motifs need access to the
active site at different steps in the
mechanism, necessitating rotation
of the OBD relative to the active
site in the AdD. This
reorganization of catalytic
residues involves a gross change
in structure that may explain how
the ligase ring opens.
The ring-shape of Lig1 brings
to mind the oligomeric
processivity factor rings, such as
the Escherichia coli β and
eukaryotic PCNA proteins, which
act as sliding clamps on DNA.
There is a clear distinction,
however, in that Lig1 grips nicked
DNA tightly through extensive
interactions, whereas the
processivity clamps have a large
central channel and slide freely
along the duplex.
Besides both being ring-
shaped, Lig1 and PCNA are also
binding partners [10,11], as are E.
coli ligase and β proteins [12].
Lig1 has an essential conserved
PCNA-interacting motif shared by
many clamp-binding proteins
[13], including FEN-1 nuclease
which removes the RNA primer in
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Figure 2. Models of the Lig1–DNA complex and its proposed interaction with PCNA. 
(A) The three domains of the Lig1 ring interact with the minor groove of DNA (left). The
OBD distorts DNA at the nick (right), offsetting the helical axis by 5 Å and converting
the upstream DNA to A-form while recognizing B-form DNA downstream. (B) A model
of the Lig1–DNA (red and gray) and PCNA–p21 [17] (blue and green) structures together
on DNA. The amino-terminal domain of Lig1, not present in the crystal structure, inter-
acts with the PCNA homotrimer. The interaction is presumed to occur via the PIP
sequence in similar fashion to the corresponding peptide of p21WAF1/CIP1 (green). Lig1
and PCNA have been aligned to position the amino terminus of Lig1 in close proximity
to one of the p21 peptides. (Reproduced with permission [3].)
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[14]. This motif resides in the first
231 amino acids of Lig1, which
were removed for crystal
structure analysis, but Figure 2B
illustrates how these two proteins
would be juxtaposed while on
DNA. From studies with E. coli
[15], the PCNA clamp is
presumed to be left behind on an
Okazaki fragment after the DNA
polymerase has finished
extending it to a nick. The
abandoned PCNA clamp may act
as a marker to recruit Lig1 and
may help orient it as well. Lig1
may also employ the sliding
clamp to track along DNA until it
locates a nick.
Provided Lig1 binds PCNA
while both proteins encircle DNA,
as modeled in Figure 2B, Pascal
et al. [3] make the point that Lig1
would effectively mask all three
protein binding sites on the PCNA
trimer, thereby excluding other
proteins from binding the clamp.
This steric exclusion argues
against the ‘toolbelt’ model in
which trimeric PCNA
simultaneously binds three
different replication proteins [16].
For example, instead of FEN1 and
Lig1 both binding PCNA
simultaneously during Okazaki
fragment maturation, FEN1 would
need to be dislodged from PCNA
in order for Lig1 to interact with
the clamp. How FEN1 and Lig1
switch places on PCNA, and
whether Lig1 has a specific
mechanism to displace FEN1 from
PCNA must await future studies.
The structural snapshot of the
ligase ring about to seal the nick
brings to mind new questions.
How does a protein encircling
DNA dissociate after sealing the
nick? Perhaps the rigidity of the
fully double-stranded DNA
product provides energy to open
the Lig1 ring. How does Lig1
assemble onto DNA? Does the
enzyme adenylation step
destabilize and open the ring?
Alternatively, ligase may not be a
stable ring without DNA. Indeed,
the T. filiformis ligase–AMP
structure requires large
conformational changes to bind
DNA as a ring. Finally, how does
ligase integrate its actions with
other binding partners? These
questions and many more suggest
that exciting studies of this
fascinating enzyme will continue
well into the future.
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The proteoglycans are a major
component of cell surfaces and
the extracellular matrix [1]. They
are made from a core protein
decorated with one or more
glycosaminoglycan side chains,
unbranched carbohydrate
polymers made of disaccharide
subunits. The two major families
of cell surface proteoglycans are
the transmembrane Syndecans,
which are decorated with the
glycosaminoglycans heparan
sulfate and chondroitin sulfate,
and the Glypicans, which are
decorated with heparan sulfate
and are anchored to the cell
surface via a glycosylphos-
phatidylinositol (GPI) linkage.
Proteoglycans play a number of
different roles, but one of the most
intriguing is the regulation of
signaling between cells. Specific
glycosaminoglycans can recognize
and bind members of several
different families of signals and, in
humans, defects in Glypicans
induce Simpson-Golabi-Behmel
Cell Signaling: Wingless and
Glypicans Together Again
The role of the Glypican proteoglycans in Wingless signaling has been
controversial. New studies show that the Glypican Dally-like can have
both positive and negative effects on Wingless signaling; moreover,
signaling can be regulated by removing Dally-like from the cell surface.
